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Background: Residual stress always exists on any kind of welded area. This residual stress
can cause the weldedmaterial to crack or fracture. Formany years, the hole-drillingmethod
has been widely used for measuring residual stress. However, this method is destructive.
Nowadays, electronic speckle pattern interferometry (ESPI) can be used tomeasure residual
stress with or without the hole-drilling method. ESPI is an optical nondestructive testing
methods that use the speckle effect. Mechanical properties can be measured by calculation
of the phase difference by the variation of temperature, pressure, or loading force.
Methods: In this paper, the residual stress on the butt-welded area is measured by using
ESPI with a suggested numerical calculation. Two types of specimens are prepared. Type I
is made of pure base metal part and type II has a welded part at the center. These speci-
mens are tensile tested with a material test system. At the same time, the ESPI system was
applied to this test.
Results: From the results of ESPI, the elastic modulus and the residual stress around the
welded area can be calculated and estimated.
Conclusion: With this result, it is confirmed that the residual stress on the welded area can
be measured with high precision by ESPI.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Residual stress, or internal stress, is usually defined as the
stress that remains in mechanical parts that exist in the bulk
of a material without the application of an external load(H. Jung).
d under the terms of the
hich permits unrestricte
erly cited.
sevier Korea LLC on beha(including gravity), or other sources of residual stress, such as
a thermal gradient [1]. Theymay be created bymanufacturing
processes such as casting, rolling, welding, heat treating,
or forging, or may occur during the life of a structural
or mechanical component [2,3]. The magnitude andCreative Commons Attribution Non-Commercial License (http://
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Fig. 1 e Schematic of in-plane displacement sensitive
interferometer.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 1 1 5e1 2 5116distribution of residual stresses are highly significant andneed
to be quantified since the mechanical behavior of different
materials will be affected when they are present.
There are a number of different methods for measuring
residual stress. These methods can be divided into two parts,
the destructive method and the nondestructive method [4].
Hole drilling, ring coring, deep hole drilling, the slitting
method, and the contour method can be included in the
destructive method, whereas X-ray diffraction, neutron
diffraction, magnetic method, ultrasonic method, and
optical methods are included in the nondestructive method.
The hole drillingmethod is themost widespread technique
for measuring residual stresses. This technique involves
monitoring the strains generated by the relieved stresses
when a small hole is drilled into a stressed material. These
strains are usuallymeasured bymeans of strain gage rosettes.
However, it has some practical and economical drawbacks.
For instance, the hole must be drilled in the center of the
rosette since misalignments can cause significant errors. This
method is also a destructive testing method.
The difficulty can be overcome using optical techniques.
Among them, electronic speckle pattern interferometry (ESPI)
is a technique that is very attractive in optical metrology not
only for its noncontact nature but also for its relative speed.
This is mainly due to the use of video detection and digital
image processing [5,6]. The application of digital techniques in
ESPI allows the automation of the data analysis process,
which is usually based on the extraction of the optical phase
distribution encoded by the generated correlation fringes.
From these data, in-plane displacement fields can be
measured over the whole surface of any rough object without
making contact with it. Unwrapped phase distribution is
useful because it allows direct whole field evaluations of re-
sidual stresses [7,8].
In this paper, deformations of the base metal and welding
part of butt-welded specimens are measured by using in-
plane displacement sensitive ESPI. Young’s modulus of base
metal and the welding zone are determined from the result of
ESPI. The residual stress distribution of butt-welded speci-
mens can also be estimated from the strain profile of ESPI and
Young’s moduli. This is contrasted with other analysis
methods. The presented method offers an improved speed of
evaluation due to the elimination of the surface preparation
time of the hole-drilling technique.Fig. 2 e Optical path difference as the object deformation.2. Materials and methods
2.1. ESPI
Laser has high coherence characteristics as two or more
waves can be interfered in the coherence length. When an
optically rough surface of an object is illuminated by a
coherent laser beam, the beam is scattered in all directions.
These scattered laser beams are interfered by each other and
the intensity of each point on an image obtained by a charge-
coupled device camera varies randomly. This phenomenon is
well known as the speckle effect. ESPI measurement using a
laser uses this speckle phenomenon so that the displacement
of an object by the deformation can be measured.Fig. 1 shows a schematic of an in-plane displacement
sensitive interferometer. Two laser beams are illuminated
with the same angle q on the surface of an object at the same
time. Illuminated beams form the speckle pattern on the
surface of an object, and these speckle patterns are interfered
to form another speckle pattern. This pattern is formed by
the phase difference of illuminated beams. When the path of
the laser beam can be traced, the relationship between the
laser beam and the phase can be shown as follows:
Df ¼ d1  d2 ¼ 4p
l
dx sin qi (1)
where: d1 ¼ optical path length of beam 1; d2 ¼ optical path
length of beam 2; l ¼ wavelength of a laser; dx ¼ x-axis
component of sensitivity vector d; and qi ¼ angle between
illumination direction and normal direction to surface.
The path of a laser beam between the laser source and the
image plane or charge-coupled device camera in one direction
is shown in Fig. 2. In Fig. 2, d is the sensitivity vector of this
interferometer and qi is the angle between the illumination
direction and the normal direction to the surface of an
object; qd the angle between the sensitivity vector and the
normal direction to the surface of an object, and qv an angle
between the viewing direction and the normal direction to
the surface of an object. As an interference fringe pattern is
formed by d1 and d2, the optical path lengths of the two
beams and the phase difference can be written as Equation 1.
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d in an in-plane displacement sensitive interferometer is
eliminated and only dx can be measured when the phase dif-
ference is obtained. This phase difference can be calculated
with a phase shiftingmethod. The intensity of image resulting
from the interference of two beams is written as Equation 2.
Iðx; yÞ ¼ I1ðx; yÞ þ I2ðx; yÞ þ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I1ðx; yÞI2ðx; yÞcos fðx; yÞ
q
(2)
where: I¼ intensity distribution of interference image;
I1¼ intensity distribution of beam 1; I2¼ intensity distribution
of beam 2; and f ¼ phase distribution of interference image.
In order to calculate the phase at each pixel on an inter-
ference image, the four-step phase shifting method is gener-
ally employed [9]. For shifting the phase, a piezoelectric
transducer (PZT) is used and the step movement amount of
the phase is p/2. If the intensity distributions of four phase-
shifted interference images when an object is in the steady
state are I1, I2, I3, and I4, then the phase distribution of an
object surface can be obtained from Equation 3.
f ¼ tan1

I4  I2
I1  I3

(3)
Similarly, because the intensity distributions of four
phase-shifted interference images have the phase deference
Df, the phase distribution of an object after deformation is
f þ Df, and finally Df, the phase deference due to the defor-
mation can be calculated by subtracting the phase distribution
prior to the deformation from the phase distribution after the
deformation.
2.2. Residual stress calculation
For this calculation, it was assumed that the distribution of
residual stresses included in the heat-affected zone and
welding part are the same.Fig. 3 e Element and mesh of specimenFrom the general tensile loading testing for a standard
specimen using UTM (universal testing machine), Young’s
modulus of base metal Eb is obtained. By Hooke’s law, the
relationship between stress sb and strain eb is defined as
Equation 4.
sb ¼ Eb,eb (4)
With Equation 4, the stress of the base metal can be
obtained and for the welded specimen, residual stress
included in the welded area sR has to be concerned as follows:
sR þ sb ¼ Ew,ew (5)
where: Ew ¼ Young’s modulus of butt-welded part; ew ¼ strain
of butt-welded part; and sb ¼ stress of base metal part.
When Equation 4 substitutes for Equation 5, Equation 6 is
derived. Therefore the residual stress can be calculated from
Equation 6 directly.
sR ¼ Ew,ew  Eb,eb (6)
where: Ew ¼ Young’s modulus of butt-welded part; ew ¼ strain
of butt-welded part; Eb ¼ Young’s modulus of base metal part;
and eb ¼ strain of base metal part.
Using ESPI, the deformation of the base metal and the
welded part in a specimen can bemeasured. From the result of
ESPI, Ew, Eb, ew, and eb are calculated so that the residual stress
sR is obtained. Therefore, with this suggested method, the
residual stress of a butt-welded part can be calculated quan-
titatively, unlike any other optical methods, with a hole dril-
ling method [10,11].
2.3. Numerical analysis
Finite element method is a useful method to simulate the
behavior of components or a structure. Finite element
method is also used as a comparison tool. To analyze the
behavior of a component, the model of a component shouldfor numerical analysis with ANSYS.
Table 1 e Mechanical properties of ASTM A36.
Properties Specification
Material ASTM A36
Young’s modulus 210 GPa
Poisson’s ratio 0.26
Density 7,850 kg/m3
Table 2 e Physical properties of ASTM A36.
Properties Specification
Specific heat (J/kg$K, at 20 C) 470
Resistivity (mU$cm) 17.0
Thermal conductivity (W/m$K, at 100 C) 52.0
Table 3 e Thermal expansion coefficient of ASTM A36.
Temperature (C) CTE (106/C)
30 12.8
700 15.2
850 11.9
900 12.1
1,000 13.0
1,200 14.3
1,500 15.2
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proper analysis method such as structural, thermal, etc.
Some material properties of a target material should then be
provided. The constraint and force conditions are applied on
the model. Finally, the behavior of a created model can be
solved.
For analyzing the residual stress included in a component,
more complicated analysis is required. With a created
model, the heat transfer analysis is done at first. Some
parameters obtained from the result of this analysis are used
in the thermo-elasto-plastic analysis. This is known as a
thermalestructural coupled analysis.Fig. 4 e Automatic welding system is consists oIn this paper, for the comparison of results, a commer-
cial tool, ANSYS (stands for Analysis System, ANSYS Inc.,
Canonsburg, PA, USA) version 13 was used as a numerical
analysis tool. In order to analyze the residual stress of the
butt-welded part of a specimen, the heat transfer analysis
with PLANE55 element, which is a quadrilateral element
type, should first be selected in order to acquire the ther-
mal stresses. Its result is then used as a load parameter for
structural analysis with PLANE42 element type which is
also a quadrilateral element. The size of an element is
inputted with 0.005/2. The meshed shape of specimen is as
shown in Fig. 3. The material properties, physical
properties, and coefficient of thermal expansion those are
used for solving the residual stress are as shown in
Tables 1e3.
2.4. Experiment
Carbon structural steel (ASTM A36) with a thickness of
6.0 mm was butt welded. For this experiment, the butt-
welding process with CO2 welding was employed. In order to
measure the residual stresses due to the amount of heat
created by the welding process, the welding process was
carried out with welding current of 130 A, 140 A, and 150 A,
respectively, and the feed speed was 2 mm/s. The root gap
between plates was 1 mm, the groove angle was 60, and the
depth of groove was 4 mm. To minimize the effect of defor-
mation such as compression and torsion during welding,
both plates were fixed with jig on the automatic welding
system as shown in Fig. 4 and the butt-welded plate was
cooled down slowly.
Butt-welded standard tensile testing specimens [12] were
prepared to measure stress distribution around the welded
part. The specimen was cut by using the electric discharge
machining method. Two types of specimen were fabricated
as shown in Fig. 5. Type I was made of the base metal part
and Type II includes the butt-welded part. The specimen
had an overall length of 200 mm, gage length of 50 mm,
width of 10 mm, and a radius of fillet of 20 mm. Mechanicalf welding machine, moving plate, and JIG.
Fig. 5 e Fabrication of specimen for tensile testing.
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expansion of a specimen are as shown in Tables 1e3.
As shown in Fig. 6, a material test system (Landmark
system 370.10) was used for tensile testing to measure both
the deformations and Young’s moduli of the base metal and
welded specimens. At first, a base metal specimen was
tested to find the range of elastic bandwidth of A36 material.
With this test, the stress-strain curve was taken as shown in
Fig. 7. Each tensile test of a specimen including the welded
part was then done in the range of elastic bandwidth.
During the tensile testing, forces of 3 kN, 4 kN, and 5 kNFig. 6 e Experimental setup of tensile testing with elwere each loaded for 30 seconds. Using the ESPI system
(Q300; Dantec Dynamics, Skovlunde, Denmark), the
deformation of specimen was obtained so that the strain
variation and stress distribution due to the increment of the
tensile loading was calculated. To eliminate environmental
disturbance, the ESPI system connected to the tripod was set
on the optical table with an isolator. Each test was
performed more than three times. The configuration of the
experimental setup is shown in Fig. 6. The phase map
images of each tensile loading step were obtained manually
when the interference fringe pattern was in the stable state.ectronic speckle pattern interferometry system.
Fig. 7 e Stressestrain curve for base metal obtained by
tensile testing.
Table 5 e Phase map due to the tensile loading difference
at welding current of 140 A using electronic speckle
pattern interferometry.
Welding current (A) 140
Tensile loading (kN) 3 4 5
Phase map
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to the tensile loading difference at each welding current
condition. Phase map images were converted to the
unwrapped image to analyze the deformation quantitatively.
With these unwrapped results, the displacement values of
each pixel along the center line of a specimen in the tensile
loading direction were obtained as shown in Tables 7e9.
Using Equations 4e6, strain, Young’s moduli, and stress of
the base metal part and welded part were calculated. For all
numerical calculations, only the welded part was considered
when calculating the residual stress.3. Results
As shown in Tables 4e6, the number of interference fringe
was increased when the tensile loading force difference wasTable 4 e Phasemap due to the tensile loading difference
at welding current of 130 A using electronic speckle
pattern interferometry.
Welding current (A) 130
Tensile loading (kN) 3 4 5
Phase mapincreased. However, the height between the interference
fringes of the welded part in the tensile loading direction was
slightly different from that of the base metal. From this result,
it is estimated that the material property at the welded part
was changed. In Tables 4e6, the slope of interference fringes
was inclined by a small amount. This is significant because
the specimen was grabbed unevenly by the grip of the mate-
rial test system. Figs. 8e10 show profile data and we can see
that the deformation value of the welded part is smaller than
that of the base metal part. When the tensile loading force isTable 6 e Phase map due to the tensile loading difference
at welding current of 150 A using electronic speckle
pattern interferometry.
Welding current (A) 150
Tensile loading (kN) 3 4 5
Phase map
Table 7 e Phase map due to the tensile loading difference at welding current of 150 A using electronic speckle pattern
interferometry.
Welding current (A) 130
Tensile loading (kN) 3 4 5
Line profile
Table 8 e Phase map due to the tensile loading difference at welding current of 150 A using electronic speckle pattern
interferometry.
Welding current (A) 140
Tensile loading (kN) 3 4 5
Line profile
Table 9 e Phase map due to the tensile loading difference at welding current of 150 A using electronic speckle pattern
interferometry.
Welding current (A) 150
Tensile loading (kN) 3 4 5
Line profile
Fig. 8 e Deformation distribution along the center line of
specimen in tensile loading direction (welding current
130A).
Fig. 9 e Deformation distribution along the center line of
specimen in tensile loading direction (welding current
140A).
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Fig. 10 e Deformation distribution along the center line of
specimen in tensile loading direction (welding current
150A).
Table 11 e Results of numerical calculation in case of
welding current of 140 A.
Tensile loading (kN) 3 4 5
Base metal Cross sectional
area (m2)
7.50E-05 7.50E-05 7.50E-05
Stress (MPa) 4.00Eþ07 5.33Eþ07 6.67Eþ07
Deformation (mm) 1.07Eþ01 1.43Eþ01 1.78Eþ01
Strain 1.91E-04 2.55E-04 3.18E-04
Young's
modulus (GPa)
2.09Eþ11 2.09Eþ11 2.10Eþ11
Weld part Cross sectional (m2) 9.58E-05 9.58E-05 9.58E-05
Stress (MPa) 3.13Eþ07 4.18Eþ07 5.22Eþ07
Deformation (mm) 6.63Eþ00 9.53Eþ00 1.09Eþ01
Strain 1.38E-04 1.99E-04 2.27E-04
Young's
modulus (GPa)
2.26Eþ11 2.10Eþ11 2.30Eþ11
Table 12 e Results of numerical calculation in case of
welding current of 150 A.
Tensile loading [kN] 3 4 5
Base metal Cross sectional
area (m2)
7.50E-05 7.50E-05 7.50E-05
Stress (MPa) 4.00Eþ07 5.33Eþ07 6.67Eþ07
Deformation (mm) 1.05Eþ01 1.40Eþ01 1.75Eþ01
Strain 1.91E-04 2.55E-04 3.18E-04
Young's 2.09Eþ11 2.10Eþ11 2.09Eþ11
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 1 1 5e1 2 5122increased, the slope of the deformation distribution line is also
increased.
From the line profile results, the strain distribution was
obtained along the center line of the specimen in the tensile
loading direction. Using the strain distribution, Young’s
moduli of the base metal and welded part were calculated
numerically because the cross sectional area of specimen and
the tensile loading force are known values, Tables 10e12 show
the results of the numerical calculations for each welding
current condition. Finally, by using Equations 4e6, the resid-
ual stress remained in the welded part after the specimenwas
fabricated by the electric discharge machining method was
obtained by using ESPI system only as shown in Table 13.
From the results, it was confirmed that when the welding
current and the tensile loading are increased, then the
residual stresses remaining in the welded part also increase.
In Table 13, the residual stress values are all negative. This
means that when the tensile loading is applied to the
specimen, the welded part is compressed.Table 10 e Results of numerical calculation in case of
welding current of 130 A.
Tensile loading (kN) 3 4 5
Base metal Cross-sectional
area (m2)
7.50E-05 7.50E-05 7.50E-05
Stress (MPa) 4.00Eþ07 5.33Eþ07 6.67Eþ07
Deformation (mm) 1.09Eþ01 1.45Eþ01 1.81Eþ01
Strain 1.91E-04 2.54E-04 3.18E-04
Young's
modulus (GPa)
2.09Eþ11 2.10Eþ11 2.09Eþ11
Weld part Cross sectional (m2) 8.78E-05 8.78E-05 8.78E-05
Stress (MPa) 3.42Eþ07 4.56Eþ07 5.69Eþ07
Deformation (mm) 6.42Eþ00 1.00Eþ01 1.12Eþ01
Strain 1.37E-04 2.14E-04 2.39E-04
Young's
modulus (GPa)
2.50Eþ11 2.13Eþ11 2.38Eþ11For the comparison of the residual stress measured by
using the ESPI system, a numerical analysis using ANSYS was
used. From the result of a numerical analysis, the maximum
residual stress of the welding part whose welding current is
130 A and tensile loading is 3 kN, was 6.295 MPa as shown in
Fig. 11. The error between these results is about 7.39%. It
seems that the residual stress decreased because of the
fabrication process of the specimen. Figs. 11e13 show the
analysis results of the residual stress for all of the welding
and tensile loading conditions. The results of the numerical
analysis are shown in Table 14. Table 15 shows the deviation
rates between the results of ESPI experiment and ANSYS
analysis. It was confirmed that the result of the ESPImodulus (GPa)
Weld part Cross sectional (m2) 1.06E-04 1.06E-04 1.06E-04
Stress (MPa) 2.84Eþ07 3.79Eþ07 4.74Eþ07
Deformation (mm) 6.49Eþ00 9.03Eþ00 9.96Eþ00
Strain 1.30E-04 1.81E-04 1.99E-04
Young's
modulus (GPa)
2.19Eþ11 2.10Eþ11 2.38Eþ11
Table 13 e Residual stresses (MPa) remained in the
welding part of each specimenmeasured using electronic
speckle pattern interferometry system.
Welding current (A) Tensile loading (kN)
3 4 5
130 5.83 7.78 9.72
140 8.68 11.6 14.5
150 11.6 15.4 19.3
Fig. 11 e Residual stress of the welding part obtained by
numerical analysis (Welding current: 130A). (A) 3 kN, (B)
4 kN, and (C) 5 kN of tensile loading condition.
Fig. 12 e Residual stress of the welding part obtained by
numerical analysis (Welding current: 140A). (A) 3 kN, (B)
4 kN, and (C) 5 kN of tensile loading condition.
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analysis. The average of the deviation rates is 7.48%.
In conclusion, a new residual stress measurement tech-
nique using the ESPI systemwith a material test machine was
suggested. This technique was applied to measure the resid-
ual stress of the welded part of a specimen. Young’s moduli of
the base metal and welding part of ASTM A36 specimen were
measured as 210 Gpa and 201e250 GPa, respectively. From theresult, it was experimentally confirmed that the residual
stress acts constantly in the welding part. The stress and the
strain along the center line in tensile loading direction of the
specimen were measured quantitatively. The strain of the
base metal and the welded part was linearly increased when
the tensile loading was increased. The residual stresses of the
welding part of the ASTM A36 specimen that was welded with
the welding current of 130 A were 5.83 MPa, 7.78 MPa, and
Fig. 13 e Residual stress of the welding part obtained by
numerical analysis (Welding current: 150A). (A) 3 kN, (B)
4 kN, and (C) 5 kN of tensile loading condition.
Table 14 e Residual stresses (MPa) remained in the
welding part of each specimen analyzed using ANSYS.
Welding current (A) Tensile loading (kN)
3 4 5
130 6.30 8.40 10.5
140 9.41 12.5 15.7
150 12.5 16.7 20.8
Table 15 e Deviation rates of residual stresses (%)
obtained using electronic speckle pattern interferometry
system and ANSYS analysis.
Welding current (A) Tensile loading (kN)
3 4 5
130 7.39 7.34 7.43
140 7.76 7.50 7.47
150 7.42 7.67 7.39
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 1 1 5e1 2 51249.72 MPa. For the welding current of 140 A, these were
8.68 MPa, 11.6 MPa, and 14.5 MPa and for the welding current
of 150 A they were 11.6 MPa, 15.4 MPa, and 19.3 MPa with
negative sign. Therefore, this shows that ESPI without the
hole-drilling method can be used as a very useful method to
measure the residual stress of a welded components or a
structure.Conflicts of interest
All contributing authors declare no conflicts of interest.
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